RNA editing is a cellular process that precisely alters nucleotide sequences, thus regulating gene expression and generating protein diversity. Over 60% of human transcripts undergo adenosine to inosine RNA editing, and editing is required for normal development and proper neuronal function of animals. Editing of one adenosine in the transcript encoding the glutamate receptor subunit B, glutamate receptor ionotropic AMPA 2 (GRIA2), modifies a codon, replacing the genomically encoded glutamine (Q) with arginine (R); thus this editing site is referred to as the Q/R site. Editing at the Q/R site of GRIA2 is essential, and reduced editing of GRIA2 transcripts has been observed in patients suffering from glioblastoma. In glioblastoma, incorporation of unedited GRIA2 subunits leads to a calcium-permeable glutamate receptor, which can promote cell migration and tumor invasion. In this study, we identify adenosine deaminase that acts on RNA 3 (ADAR3) as an important regulator of Q/R site editing, investigate its mode of action, and detect elevated ADAR3 expression in glioblastoma tumors compared with adjacent brain tissue. Overexpression of ADAR3 in astrocyte and astrocytoma cell lines inhibits RNA editing at the Q/R site of GRIA2. Furthermore, the double-stranded RNA binding domains of ADAR3 are required for repression of RNA editing. As the Q/R site of GRIA2 is specifically edited by ADAR2, we suggest that ADAR3 directly competes with ADAR2 for binding to GRIA2 transcript, inhibiting RNA editing, as evidenced by the direct binding of ADAR3 to the GRIA2 pre-mRNA. Finally, we provide evidence that both ADAR2 and ADAR3 expression contributes to the relative level of GRIA2 editing in tumors from patients suffering from glioblastoma.
RNA editing are often associated with diseases of the central nervous system including neurodegenerative diseases and astrocytomas (11, 34) ; in fact, one commonality between the neurological disease amyotrophic lateral sclerosis (ALS) and glioblastoma (also referred to as grade IV astrocytoma) is reduced editing of one particular transcript, GRIA2 (9, 35) .
The glutamate receptor subunit B (GRIA2) transcript was one of the first identified ADAR targets and encodes one subunit in the AMPA-type glutamate receptor (36, 37) . Editing of GRIA2 at one specific adenosine (the Q/R site) modifies the genomically encoded glutamine (Q) codon to arginine (R) (38) . The edited, arginine-containing GRIA2 can be incorporated into the AMPA receptor, rendering it impermeable to calcium; whereas the unedited glutamine-containing GRIA2 subunits form AMPA receptors that are permeable to calcium (35) . ADAR2 is the primary editor at the Q/R site of GRIA2 (39) . In fact, ADAR2 knock-out mice die shortly after birth from epileptic seizures caused by increased neuronal calcium influx (40) , but these mice can be rescued from lethality through complementary DNA (cDNA) expression of the edited, R-form of GRIA2 (41, 42) . Strikingly, altered editing at the Q/R site of GRIA2 has been associated with epilepsy, ALS, schizophrenia, and ischemia (34, 43) . For these neuropathological diseases, it is thought that reduced GRIA2 editing results in an increase in glutamate receptors that are permeable to calcium, leading to excitotoxicity and cell death of neurons (44) . However, reduced editing of GRIA2 has also been observed in malignant gliomas (45) . In these cell lines, expression of protein translated from unedited GRIA2 transcripts promotes cell migration and invasion (46) . It is unclear how editing of GRIA2 is reduced in glioblastoma as ADAR2 mRNA levels do not directly correlate with the editing level at the Q/R site of GRIA2 (45) ; however, it has been shown that transgenic overexpression of ADAR2 in glioblastoma cell lines can increase editing of GRIA2 and slow glioblastoma tumor growth in mice orthotopically injected with these cell lines (47) .
Properly regulated RNA editing provides flexibility to the genetic code during development, in response to environmental conditions, or between cell or tissue types; however, this regulation often goes awry in disease (48 -50) . ADAR2 is able to self-regulate through an alternative splicing negative feedback loop in which ADAR2 edits an adenosine within its own transcript, leading to production of a shortened and editing-deficient protein isoform (51, 52) . Furthermore, Pin1 and WWP2 can negatively regulate editing via cytoplasmic sequestration or ubiquitination and degradation of ADAR2, respectively (53) . These global regulators affect RNA editing of ADAR2-edited sites over the entire transcriptome. However, editing by ADARs is also regulated on the transcript level by the landscape of RNA-binding proteins present on a given mRNA. For example, the RNA-binding proteins SRFS9, RPS14, and DDX15 were shown to inhibit RNA editing of specific target mRNAs (54) . Interestingly, these proteins decrease in expression during brain development in mice, and the expression levels of SFRS9 and DDX15 are altered upon neuronal stimulation. Moreover, not all RNA-binding proteins inhibit RNA editing as evidenced by a recent study showing that heterogeneous nuclear ribonucleoprotein A2/B1 has the ability to promote editing of specific transcripts (55) . Despite many advances in identifying regulators of RNA editing and the importance of GRIA2 editing in several disease pathologies, a specific regulator of editing in GRIA2 has not been identified.
In this study, we sought to identify the cellular regulator of GRIA2 editing that is altered in glioblastoma. Here, we provide evidence that the deaminase-deficient ADAR family member ADAR3 regulates editing of GRIA2. Obtaining data from a panel of astrocyte-and grade IV astrocytoma-derived cell lines, we suggest that ADAR2 expression alone cannot account for differences in GRIA2 editing between cells lines and that ADAR3 expression is consistent with what would be expected for an inhibitor of GRIA2 editing. Furthermore, expressing ADAR3 in one of these cell lines, we demonstrated that ADAR3 represses editing of GRIA2. To interrogate the biological mechanism of ADAR3 inhibition of RNA editing, we took a twopronged approach, expressing ADAR3 with mutations in annotated domains to determine its mode of action and immunoprecipitating ADAR3 to elucidate protein and RNA interactions. Our findings indicate that the dsRNA binding domains of ADAR3 are required for inhibition of RNA editing and that ADAR3 binds directly to GRIA2 precursor mRNA (pre-mRNA) transcripts. Finally, our data implicate ADAR3 in the context of glioblastoma; measuring both ADAR2 and ADAR3 expression and GRIA2 editing in six glioblastoma tumors and matched adjacent brain tissue, we found increased expression of ADAR3 in nearly all the tumors compared with adjacent tissue and observed decreased GRIA2 editing in all the tumors.
Results
The Expression of ADAR2 Relative to ADAR3 Correlates with the Extent of GRIA2 Editing-To identify cellular factors that affect the ability of ADAR2 to edit GRIA2, we identified a panel of cell lines that had variable levels of editing of the Q/R site of GRIA2. As reduced editing of the Q/R editing site has been reported in glioblastoma patients (45), we analyzed endogenous GRIA2 editing in immortalized normal human astrocyte (NHA) cells and grade IV astrocytoma cell lines U87-MG and U118. The NHA cell line is immortalized through the expression of the catalytic component of human telomerase, E6 (an inhibitor of p53), and E7 (an inhibitor of Rb); therefore, although these NHA cells are not derived from glioblastoma and do not form tumors in vivo, the line is not perfectly representative of normal astrocytes (56) . RNA was isolated from two independent biological replicates of each cell line. Following reverse transcription, PCR amplification, and Sanger sequencing, editing was quantitatively measured. At the Q/R site of GRIA2, U87 and NHA cells exhibited ϳ65% editing, and U118 had 0% editing (Fig. 1, A and B) . This is consistent with previous studies that showed 0% Q/R editing in U118 cells (57) and 50% Q/R editing in U87 cells (39) . From these same cell lines, we detected ADAR2 expression by Western blotting. NHA cells had greater ADAR2 protein expression than U87 and U118, which had a similar, lower level of ADAR2 (Fig. 1C) . Comparing ADAR2 protein expression and GRIA2 editing among the cell lines, we found that ADAR2 protein expression does not directly correlate with GRIA2 editing. Specifically our data indicate that U118 cells exhibit 0% editing at the Q/R site, and U87 cells have 65% editing at the Q/R site of GRIA2 mRNA while displaying a similar level of ADAR2 protein expression. Furthermore, NHA cells have elevated ADAR2 protein levels compared with U87 cells, but GRIA2 Q/R editing is not significantly different between these cell lines. These data suggest that both NHA cells and U118 cells express a negative regulator of GRIA2 editing. To test this possibility, we overexpressed ADAR2 in the NHA cell line (Fig. 1D ) and measured editing of GRIA2. ADAR2 overexpression increased editing at the Q/R site to 100% (Fig. 1E) . Consistent with our results, a previous study demonstrated that overexpression of ADAR2 in U118 cells results in increased editing at the Q/R site (57) . Together, these results suggest that a negative regulator of RNA editing exists in these cells lines and can be outcompeted by overexpressing ADAR2.
A previous study has shown that simultaneous overexpression of ADAR2 and ADAR1 reduces RNA editing of GRIA2 through the formation of ADAR1/ADAR2 heterodimers (57) . To this end, we measured the expression of ADAR1 protein in the three cell lines and found that the expression level among the cell lines is relatively equal with slightly higher expression in NHA (Fig. 1F) . However, this small expression difference seemed unlikely to fully account for the inhibition of editing, especially in regards to the striking differences in GRIA2 editing between the U87 and U118 cell lines. Interestingly, the third ADAR family member, ADAR3, which is catalytically inactive, has also been shown to inhibit editing of GRIA2 in vitro (28) . We measured ADAR3 protein expression by Western blotting and found that ADAR3 expression is dramatically elevated in NHA and U118 compared with U87 cells (Fig. 1G) . These data are consistent with ADAR3 functioning as a negative regulator of editing in NHA and U118 cells and suggest that both ADAR2 and ADAR3 expression contributes to the overall editing level at the Q/R site of GRIA2 in human cell lines.
ADAR3 Negatively Regulates Editing by ADAR2 at the Q/R Site of GRIA2-To directly test the hypothesis that ADAR3 negatively regulates editing by ADAR2, we expressed ADAR3 in the U87 cell line and measured GRIA2 editing. The U87 cell line was chosen as it lacked detectable ADAR3 expression (Fig. 1G) . Using retroviral transduction, we generated U87 cells containing a neomycin resistance vector with no protein or human ADAR3 expressed from the CMV promoter and confirmed expression of ADAR3 by Western blotting ( Fig. 2A) . RNA editing at the Q/R site of GRIA2 was measured in three independent biological replicates of the control cells and cells stably expressing ADAR3. Expression of ADAR3 results in an ϳ40% decrease in transcripts edited at the Q/R site of GRIA2 compared with control cells (Fig. 2B) . Importantly, this was not due to a reduction in GRIA2 mRNA levels (Fig. 2, C and D) or a reduction in ADAR2 expression ( Fig. 2A) . We also tested the ability of ADAR3 to negatively regulate editing by ADAR2 in NHA cells, which have higher endogenous ADAR3 expression (Fig. 1G) . Overexpression of ADAR3 in this cell line also resulted in an ϳ15% decrease in editing of GRIA2 (Fig. 2E) . As U87 cells have lower endogenous ADAR3 expression compared with NHA cells (Fig. 1G) , the smaller decrease in editing observed upon ADAR3 overexpression in NHA cells suggests that endogenous ADAR3 expression is responsible for inhibition of GRIA2 editing. Together, these results indicate that ADAR3 is a negative regulator of GRIA2 editing.
The Ability to Bind dsRNA Is Required for ADAR3 to Regulate GRIA2 Editing-To determine the mechanism of action utilized by ADAR3 to inhibit RNA editing, mutations in the three known domains of ADAR3 were constructed (Fig. 3A) . Although ADAR3 has not been observed to edit dsRNA in vitro (28) , the region of ADAR3 with homology to the ADAR deaminase domain does contain the histidine-alanine-glutamate (HAE) motif that is known to be required for deaminase activity. As mutation of the glutamate in the HAE motif to alanine abolishes editing by other ADAR family members (58), the analogous mutation was made in ADAR3. A second domain of ADAR3 referred to as the R-domain (28) consists of a series of six arginine (R) residues. This domain is also present in an alternatively spliced exon of ADAR2 (59) and has been shown to be required for the ability of ADAR3 to bind single-stranded RNA in vitro (28) . In the ADAR3 R-domain mutant construct, this series of arginines was mutated to six consecutive alanines. In the last construct, the KKXX(K/R) motif (where X is any amino acid) within both dsRNA binding domains of ADAR3 was FIGURE 1. ADAR3 expression is consistent with an inhibitor of GRIA2 editing in astrocyte-and grade IV astrocytoma-derived cell lines. A, chromatograms of the Q/R site of GRIA2 in NHA, U87, and U118 cells. Black indicates transcripts with guanosine (edited), and green indicates transcripts with adenosine (unedited). B, editing levels at the Q/R site of GRIA2 were measured in the indicated cell lines (n ϭ 2). Error bars represent S.E. C, equivalent amounts of cell lysates were determined by Bradford assay and subjected to SDS-PAGE and immunoblotting for ADAR2. Tubulin is the loading control. D, lysates from NHA cells transduced with retrovirus containing a neomycin resistance vector with no protein (Emp.) or human ADAR2 expressed from the CMV promoter (OE) were subjected to SDS-PAGE and immunoblotted for ADAR2. Tubulin is the loading control. E, chromatograms of the Q/R site of GRIA2 in the cell lines show in D. Black indicates transcripts with guanosine (edited), and green indicates transcripts with adenosine (unedited). Bold A indicates the genomically encoded adenosine at the Q/R site of GRIA2. F and G, equivalent amounts of cell lysates were determined by Bradford assay and subjected to SDS-PAGE and immunoblotting for ADAR1 (F) or ADAR3 (G). Tubulin is the loading control.
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mutated to EAXXA. Previous studies of ADAR3 demonstrated that mutation of these lysine residues to glutamate (E) and alanine (A) disrupts dsRNA binding in vitro (60) . Western blotting of U87 cells transduced with retroviruses expressing the ADAR3 mutants driven by the CMV promoter resulted in similar expression levels as the U87 cells stably expressing wildtype ADAR3 driven by the CMV promoter (Fig. 3B) . RNA editing at the Q/R site of GRIA2 in control and mutant ADAR3-expressing cells was measured for three independent biological replicates. Our results indicate that expressing ADAR3 with mutations in the deaminase domain and the R-domain had no effect on the ability of ADAR3 to inhibit GRIA2 editing (Fig.  3C) . However, the ADAR3 construct with mutations in the dsRBDs was unable to inhibit editing of GRIA2 at the Q/R site (Fig. 3C ). These findings indicate that the dsRBDs are required for repression of GRIA2 editing and that the deaminase and R-domains are not essential for ADAR3-mediated regulation of GRIA2 editing.
ADAR3 Binds to GRIA2 Pre-mRNA to Regulate Editing Levels-As mutations to the dsRBDs have been shown to disrupt ADAR3 binding to dsRNA in vitro (28), we hypothesized that the inability of the ADAR3 dsRBD mutant to repress GRIA2 editing was due to lack of binding to the dsRNA surrounding the Q/R site in vivo. However, studies of other dsRBPs have indicated roles for dsRBDs in mediating protein-protein interactions (61) (62) (63) . Therefore, to discriminate between these possibilities, we first tested whether ADAR3 directly interacts with ADAR2 using an immunoprecipitation assay from NHA cells as these cells had the highest endogenous ADAR2 expression of the cell lines we examined (Fig. 1C) and ADAR3 inhibited GRIA2 editing in these cells (Fig. 2E) . To facilitate immunoprecipitation, we expressed ADAR3 in NHA cells with an N-terminal 3X-FLAG epitope tag. After incubation of cell FIGURE 2. ADAR3 inhibits RNA editing at the Q/R site of GRIA2. A, equivalent amounts of lysates from U87 cells transduced with a retrovirus containing a neomycin resistance vector with no protein (Ϫ) or human ADAR3 expressed from the CMV promoter (ϩ) were determined by Bradford assay and subjected to SDS-PAGE and immunoblotting for ADAR2 and ADAR3. Tubulin antibody was used as a loading control. B, editing levels at the Q/R site of GRIA2 were measured in U87 cells described in A for three independent biological replicates. Error bars represent S.E., and a significant (p value Ͻ0.005) change in editing level is denoted by the asterisk. C and D, the levels of mature (C) and precursor (D) GRIA2 mRNA and control GAPDH mRNA were determined by qRT-PCR for three independent biological replicates. The bar height represents the relative ratio of GRIA2 transcript to GAPDH transcripts normalized to the value obtained for the U87 cells transduced with a retrovirus containing a neomycin resistance vector with no protein (Ϫ). Error bars represent S.E. E, editing levels at the Q/R site of GRIA2 were measured in NHA cells transduced with retrovirus containing a neomycin resistance vector with no protein (Empty Vector) or human ADAR3 expressed from the CMV promoter (ADAR3 O/E) for two independent biological replicates. Error bars represent S.E., and a significant (p value Ͻ0.05) change in editing level is denoted by the asterisk. with mutations to the dsRBDs (dsRBD mutant lysate was run together on the same gel, but one lane is cropped out) subjected to SDS-PAGE and immunoblotting. All ADAR3 expression constructs contain an N-terminal FLAG tag and were detected with FLAG antibody. Actin is the loading control. C, editing levels at the Q/R site of GRIA2 were measured in the indicated cell lines for three independent biological replicates. The bar height represents the percentage of GRIA2 transcripts edited in each cell line normalized to U87 cells expressing a neomycin resistance vector with no protein (Ϫ). Error bars represent S.E. N.S. is not significant (p Ͼ 0.3), calculated using a two-tailed t test. MARCH 10, 2017 • VOLUME 292 • NUMBER 10

JOURNAL OF BIOLOGICAL CHEMISTRY 4329
lysates with FLAG-conjugated magnetic resin, ADAR3 was detected in the immunoprecipitates from cells expressing the FLAG-ADAR3 protein but not the control cells (Fig. 4A) . In contrast, although ADAR2 was expressed in both control and FLAG-ADAR3-expressing cells, ADAR2 was not present in immunoprecipitates from either cell line (Fig. 4A ). This result is further supported by mass spectrometric analysis of the immunoprecipitates in which no peptides corresponding to ADAR2 were detected; however, peptides from multiple other proteins were detected in both biological replicates (supplemental Table  S1 ). Therefore, our results suggest that ADAR3 does not directly interact with ADAR2.
To test whether ADAR3 inhibits editing through direct binding to the GRIA2 transcript, an RNA immunoprecipitation (RIP) assay was performed. Briefly, U87 cells expressing 3X-FLAG-tagged ADAR3 or 3X-FLAG-tagged ADAR3 with mutations to the dsRBDs were UV-irradiated to cross-link protein with nucleic acids, and the resulting cell lysates were incubated with FLAG-conjugated magnetic resin. Western blotting confirmed equal immunoprecipitation of wild-type and dsRBD mutant ADAR3 (Fig. 4B) . After immunoprecipitation, bound FLAG-ADAR3 proteins were degraded with proteinase K to release bound transcripts, and qRT-PCR was performed to determine relative enrichment of transcripts. As editing of the Q/R site occurs on pre-mRNA (64), qRT-PCR was performed for GRIA2 pre-mRNA and, as a negative control, pre-mRNA for the housekeeping gene GAPDH. Our findings indicate that GRIA2 pre-mRNA transcripts are significantly enriched in immunoprecipitates containing wild-type ADAR3 but not those containing the ADAR3 dsRBD mutant ( Fig. 4C ; p ϭ 0.047), whereas the single-stranded control pre-mRNA encoding GAPDH is not enriched. These data suggest that ADAR3 inhibits editing of the Q/R site by binding to the GRIA2 pre-mRNA.
ADAR3 Is Overexpressed in GBM Patient Tumor Samples and Correlates with Decreased GRIA2
Editing-To investigate the relationship between GRIA2 editing and ADAR3 expression in the context of cancer, we obtained fresh frozen tumors and adjacent brain tissue from six patients suffering from grade IV, primary glioblastoma. In each of these tissue samples, ADAR3 expression was examined by Western blotting, and editing at the Q/R site of GRIA2 was measured as described above. Increased ADAR3 protein expression in the tumor tissue compared with adjacent tissue was observed in five of six patient samples (Fig. 5A and supplemental Fig. S1 ). Consistent with previous studies, all six sets of samples demonstrated 100% editing of the Q/R site in the adjacent normal tissue and reduced editing, ranging from 73 to 97%, in the glioblastoma tumor samples (Fig. 5B) . These data suggest that overexpression of ADAR3 in glioblastoma tumors may contribute to decreased editing at the Q/R site of GRIA2.
Our data from the cell lines suggest that the level of editing at the Q/R site of GRIA2 is impacted by both the ADAR2 and ADAR3 protein expression levels (Fig. 1) ; therefore, the impact of ADAR3 expression on GRIA2 editing in tumor tissue needs to be assessed in tumors with little change in ADAR2 expression. To specifically address this concern, the protein expression of ADAR2 was also measured in each set of matched tumor and adjacent tissue ( Fig. 5C and supplemental Fig. S1 ). ADAR2 expression remained constant between the adjacent and tumor tissue for half of the samples (Fig. 5C , top three blots), and decreased ADAR2 expression was observed in half of the samples (Fig. 5C, bottom three blots) . The tumors that have decreased ADAR2 expression still exhibit relatively high editing levels (average 85%) at the Q/R site of GRIA2. As ADAR2 is required for high levels of editing of this site in vivo and even mice heterozygous for ADAR2 exhibit Q/R editing levels of ϳ90% (41), we suggest that ADAR2 is expressed in these tumors but decreased relative to the adjacent tissue.
Focusing on the three tumors that exhibit increased ADAR3 expression and relatively constant ADAR2 expression, the average editing of the Q/R site of GRIA2 is 86% compared with 100% in the adjacent normal tissue. These results suggest that increased ADAR3 expression contributes to reduced GRIA2 editing in tumors of patients suffering from glioblastoma.
Discussion
RNA editing profoundly affects gene expression and cellular function, and alterations in editing have been implicated in cancer and neurological disease (11, 34, 65, 66) . However, expression levels of the ADAR enzymes do not always correlate with the extent of editing (67, 68) . In addition, the speed of RNA synthesis by RNA polymerase, the efficiency of pre-mRNA splicing, and the landscape of RNA-binding proteins can affect ADAR accessibility to target adenosines (54, 69 -71) . In this study, we explore the function of ADAR3, a dsRNA-binding but deaminase-deficient member of the ADAR protein family, and provide evidence for a regulatory role in inhibiting editing of GRIA2 transcripts. We dissect the mechanism of action for ADAR3 and determine that ADAR3 is able to inhibit RNA editing through direct binding to GRIA2 transcripts, which requires functional dsRNA binding domains in ADAR3. Fur-FIGURE 4. ADAR3 binds directly to GRIA2 transcripts. A, lysates from NHA cells transduced with a retrovirus containing a neomycin resistance vector with no protein (empty vector) or 3X-FLAG-tagged human ADAR3 expressed from the CMV promoter were subjected to incubation with ␣-FLAG magnetic beads. Input represents lysates before incubation with beads (0.5%, 3%:FLAG, ADAR2 blots), unbound represents lysates after immunoprecipitation (0.5%, 3%:FLAG, ADAR2 blots), and IP represents protein bound to FLAG beads (10%, 50%:FLAG, ADAR2 blots). Immunoblotting for the FLAG epitope (ADAR3) and ADAR2 was performed. B, Western blot of input lysates and immunoprecipitation lysates from 3X-FLAG-ADAR3 (WT) and 3X-FLAG-ADAR3 with mutations to the dsRBD. C, after treating immunoprecipitates from B with proteinase K, RNA was extracted and reverse transcribed with gene-specific primers. Bar heights indicate the ratio of cDNA in the immunoprecipitates over the inputs relative to input cDNA in U87 cells expressing wild-type ADAR3 and ADAR3 with mutations to the dsRNA binding domains normalized to the average of the two experiments (n ϭ 2; error bars represent S.E.).
thermore, dysregulation of ADAR3 expression is observed in a majority of human glioblastoma patients, correlating with reduced GRIA2 editing in these tumors.
Our data suggest a competition model between ADAR2 and ADAR3 in which ADAR3 binding to GRIA2 prevents pre-mRNA binding by ADAR2 and subsequent editing activity. This RNA-mediated inhibition mechanism is in contrast to the previously reported role for ADAR1 in inhibition of editing of the Q/R site of GRIA2 via a protein-protein interaction of ADAR1 and ADAR2, which sequesters ADAR2 from the GRIA2 pre-mRNA (57). Our findings suggest that ADAR3 has the unique ability to regulate specific sites within the transcriptome rather than sequestering and inhibiting ADAR2 globally. Although ADAR1 and ADAR2 have also been shown to reciprocally inhibit each other's editing activity (28) , this was tested on a transcript, the serotonin receptor mRNA, which has high affinity sites for both ADAR1 and ADAR2. The Q/R site of GRIA2 is unique in that ADAR1 is unable to bind or edit (14, 72) , implicating the need for another form of regulation, which ADAR3 fulfills. Our preliminary data further support this specificity model in that after measuring RNA editing at a handful of other sites we were unable to identify any other transcripts where editing was affected upon ADAR3 expression (supplemental Fig. S2 ). However, future transcriptome-wide studies, in particular RIP-sequencing analysis of ADAR3, will be important for determining whether regulation by ADAR3 is specific to the GRIA2 transcript.
An alternative possibility is that ADAR3 binds to the GRIA2 transcript and facilitates splicing of the unedited pre-mRNA, which in turn prevents ADAR2 from editing. Early studies of ADAR2 editing of GRIA2 demonstrated that lack of Q/R editing resulted in accumulation of incompletely spliced transcripts (41) . In support of a connection between splicing and editing, it has recently been shown for a number of mammalian mRNAs that splicing rates affect editing levels (50) . However, in our hands, although we did detect a significant (40%) decrease in Q/R editing in the presence of ADAR3, this did not lead to an overall change in GRIA2 pre-mRNA or mature mRNA levels (Fig. 2, C and D) .
It is notable that as most of the key residues in the deaminase domain are conserved among the human ADARs, ADAR3 was originally proposed to possess deaminase activity but have an unknown substrate specificity (73) . Our data indicate that the deaminase domain does not function in ADAR3-mediated regulation of GRIA2 editing, raising questions about the functional significance of the domain. Interestingly, a recent structural study identified a key arginine residue in the RNA binding loop of the deaminase domain that is conserved in ADAR2 and ADAR1 but is a glutamine in ADAR3 (74) . As mutation of this arginine to glutamine in human ADAR2 reduced editing activity 10-fold, these data provide an explanation for the lack of deamination activity observed for ADAR3. Despite lacking RNA editing activity, the regulatory role of deaminase-deficient ADARs is conserved in other organisms. The deaminase-deficient ADAR family member in Caenorhabditis elegans, ADR-1, also alters editing levels and has most recently been shown to inhibit RNA editing in the neurons of worms (75, 76) .
In addition to the mechanistic implications of ADAR3 as a dsRBP that regulates editing, our data raise interesting questions about the physiological function of ADAR3 as both edited and unedited GRIA2 subunits are observed in the developing brain (77) . Interestingly, ADAR3 is specifically expressed in the brain and central nervous system (16, 28) and may act as one of many brain-specific regulators of editing. Recently, several RBPs including SRFS9 and RPS14 were shown to alter editing of specific target mRNAs, and expression of these RBPs changed during embryonic development as well as upon neuronal stimulation (54) . An interesting possibility is that ADAR3 expression varies during development or in specific brain regions and results in differential GRIA2 editing in the brain. In fact, recent studies have demonstrated that a rapid increase in Q/R editing is associated with human neural progenitor cells differentiating into neurons (78, 79) , and another study demonstrated differential editing of GRIA2 at the Q/R site in different regions of the human brain (80), suggesting a need for both temporal and local regulation of GRIA2 editing in the nervous system. A preliminary study in our laboratory suggests that ADAR3 expression varies during normal development in the mouse brain cortex. MARCH 10, 2017 • VOLUME 292 • NUMBER 10 ing in the brain. Interestingly, ADAR3 has recently been implicated in the neurodegenerative disorder ALS, a disease that has long been known to be associated with reduced GRIA2 editing (81). Donnelly et al. (82) determined that ADAR3 was sequestered in long dsRNA repeats in the nuclei of ALS patients. Furthermore, upon knockdown of ADAR3, neuronally induced pluripotent stem cells were unable to survive in the presence of glutamate. These data, in combination with our finding that ADAR3 inhibits editing of the glutamate receptor in astrocytes, suggest that ADAR3 may play a critical role in regulating neuronal RNA editing and may be a major contributor to ALS physiology.
ADAR3, a Regulator of Glutamate Receptor Editing
To our knowledge, this study is the first to analyze ADAR3 and ADAR2 protein expression levels in conjunction with Q/R editing in primary grade IV astrocytoma tumors and matched adjacent normal brain tissue from the same patient. Our study found that Q/R editing was reduced in all tumors compared with adjacent brain tissue. As recent studies have reported that editing at the Q/R site of GRIA2 varies depending on the region of the brain (44), we wanted to compare the editing levels in the tumors in conjunction with normal adjacent brain tissue. In all of the adjacent tissues sampled, editing at the Q/R site was 100%; therefore, we can report with high confidence that decreased editing in a majority of our tumor samples is not due to differences in editing in different brain regions.
Additionally, as we detected increased expression of ADAR3 in glioblastoma tumors compared with adjacent tissue, our findings raise a critical question regarding whether ADAR3 might causally contribute to oncogenesis. Throughout the course of our studies, we have consistently found that ADAR3 mRNA expression does not correlate with protein expression except when ADAR3 is expressed from a transgenic cDNA construct. Interestingly, the human genome expresses an antisense RNA complementary to an intronic region of ADAR3, suggesting the possibility that ADAR3 protein expression may be controlled post-transcriptionally. This confounding factor may be why ADAR3 has not been identified as an important oncogene in transcriptome-wide studies in cancers, such as The Cancer Genome Atlas, as these data are often based on differential mRNA expression. Future studies investigating the potential role of ADAR3 in oncogenesis might uncover an interesting and currently understudied player in glioblastoma progression.
Experimental Procedures
Cells and Viral Infection-U118, U87-MG, NHA, and HEK293T Epstein-Barr nuclear antigen cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Mediatech) supplemented with 10% fetal bovine serum (FBS) (Sigma), 100 g/ml penicillin, and 100 units/ml streptomycin (Mediatech). Overexpression of ADAR3 or ADAR2 was performed using a retroviral infection with retroviruses produced in the laboratory. Briefly, for retroviral production, the overexpression plasmid of interest was co-transfected with plasmids expressing vesicular stomatitis virus-G glycoprotein and gag/pol packaging plasmids into HEK293T Epstein-Barr nuclear antigen cells using Trans-IT LT1 (Mirus) to generate retroviral particles.
The retroviral particles were collected in DMEM, 10% FBS, 100 g/ml penicillin, 100 units/ml streptomycin, and 10 mM HEPES. For viral transduction, the retroviral particles were added to cells of interest along with 8 g/ml Polybrene (Sigma). After 24 h of incubation with the viral particles, fresh medium with the selection drug (either puromycin or neomycin/G418) was added. Cell selection was continued over 1 week and monitored by cell death of untransduced cells that had the same amount of selection drug in the medium. After selection, cells were maintained in the presence of the same amount of selection drug. Overexpression was confirmed by Western blotting using antibodies to ADAR2 (Sigma) or FLAG antibody (Sigma).
Tumor and Control Tissues-We included nine tissue samples from adult patients (ages 39 -70) with primary grade IV glioblastoma. Malignancy grade (according to the World Health Organization guidelines) of all tumor tissue samples was confirmed by pathology. Control samples of normal tissue were dissected adjacent to the tumor during surgery. All tissue samples were flash frozen and stored by the Indiana University Simon Cancer Center Tissue Bank. Approval for work with the samples was obtained through the Indiana University Institutional Review Board (IRB number 1204008446).
Construction of ADAR3 and ADAR2 Expression Plasmids-ADAR3 with a 1X-or 3X-FLAG tag added in-frame at the N terminus were PCR-amplified from a plasmid obtained from Dr. Kazuko Nishikura (Wistar Institute) and cloned in to the pLNCX2 retroviral vector. Mutations to the R-domain, doublestranded RNA binding domain, and deaminase domain were created using site-directed mutagenesis. In the R-domain, six consecutive arginines were mutated to alanine. In the dsRBDs, the KKXXK motifs were mutated to EAXXA. In the deaminase domain, the HAE motif was mutated to HAA. The mutations at each site were confirmed by direct sequencing. ADAR2 with a His tag at the N terminus was cloned into the pLNCX2 retroviral vector.
Western Analysis-To determine protein expression of ADAR1, ADAR2, and ADAR3 in cultured cell lines, cells were suspended in 4% sodium dodecyl sulfate (SDS) and sonicated. Protein concentrations were determined by Bradford assay (Sigma), and equivalent amounts of lysate were subjected to SDS-PAGE and Western blotting with antibodies to ADAR3 (Santa Cruz Biotechnology), ADAR1 (a kind gift from Brenda Bass), ADAR2 (Sigma), tubulin (Sigma), and ␤-actin (Cell Signaling Technology). Specificity of ADAR2 and ADAR3 antibodies was confirmed by detection of bands with a similar mobility in cells overexpressing cDNA for each protein.
RNA Isolation, Editing Assays, and qRT-PCR-Total RNA was isolated from cell pellets using TRIzol (Invitrogen). RNA was purified by treatment with TURBO DNase (Ambion) and isolated using the RNeasy Extraction kit (Qiagen). cDNA was synthesized from 2 g of DNase-treated total RNA with SuperscriptIII reverse transcriptase (Invitrogen). For GRIA2 editing assays, a gene-specific primer (5Ј-CAAGGATG-TAGAATACTCCAGCAACG-3Ј) was used for reverse transcription of RNA. Resulting cDNA was amplified using Pfx Platinum DNA polymerase (Invitrogen) using nested PCR. Oligonucleotides were as follows: outer primers, 5Ј-CCTTTAG-CCTATGAGATCTGGATGTGC-3Ј and 5Ј-CAAGGAT-GTAGAATACTCCAGCAACG-3Ј; inner primers, 5Ј-GGCACACTGAGGAGTTTGAAGATGGAAGAG-3Ј and 5Ј-CAGAATTCGTGTAGGAGGAGATTATGATCAGG-3Ј. PCR primers were designed to specifically amplify mRNA but not genomic DNA or pre-mRNA. PCR products were gel-purified and subjected to Sanger sequencing. For all editing assays, negative controls were conducted without SuperscriptIII to ensure that all DNA sequenced resulted from cDNA amplification. For qRT-PCR analysis, either gene-specific primers (GRIA2 mature mRNA, 5Ј-CAAGGATGTAGAATACTC-CAGCAACG-3Ј; GRIA2 pre-mRNA, 5Ј-CTCTCCCATAC-CATTTCCATGAACTAATGA-3Ј) or a mixture of random hexamer primers and oligo(dT) were used to synthesize cDNA. cDNA levels were measured in an Eppendorf Realplex instrument using KAPA SYBR Fast Universal Master Mix. qRT-PCR primers used for analysis of GRIA2 mature mRNA were 5Ј-GGCTGCAGAAATCGCCAAACATTGTGGGTT-3Ј and 5Ј-CATGATAGATATCCCGAGGCTCATGAAGGG-3Ј. qRT-PCR primers for analysis of GRIA2 pre-mRNA were 5Ј-CACCAT-GACTCCAGGTACTATTACTTTCCT-3Ј and 5Ј-CATG-ATAGATATCCCGAGGCTCATGAAGGG-3Ј. Significance was calculated using an unpaired t test.
RIP Assay-After washing with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 0.44 g of KH 2 PO 4 ), cells adherent to a plate were covered with a thin layer of PBS and subjected to 150 mJ/cm 2 UV radiation using a Spectrolinker (Spectronic Corp). Cells were then resuspended in hypotonic solution (20 mM Tris-HCl, pH 7.5, 15 mM NaCl, 10 mM EDTA, 0.5% Nonidet P-40, and 0.1% Triton X-100), incubated for 10 min on ice, and then lightly sonicated to lyse cells. The crude lysate was subjected to centrifugation to remove insoluble material, and the cleared lysates were added to FLAG magnetic beads (Sigma). After incubation for 1 h at 4°C, the beads were washed with ice-cold hypotonic solution and resuspended in TBS (16 mM Tris-HCl, pH 7.5, and 110 mM NaCl), 1 l of RNasin (Promega), and 0.5 l of 20 mg/ml proteinase K (Sigma) and incubated at 42°C for 15 min to degrade protein and release RNA. Protein samples were subjected to Western blotting (as described above), and RNA samples were isolated (as described above). Following DNase treatment, qRT-PCR for GAPDH and GRIA2 pre-mRNA was preformed as described above. Significance was calculated using an unpaired t test.
Tissue Homogenization-Flash frozen patient tumor samples and adjacent normal tissue were placed in TRIzol (Sigma) and ground in a mortar and pestle on dry ice. Following the manufacturer's protocol, RNA, genomic DNA, and protein were isolated from each sample. RNA editing assays for GRIA2 and Western blotting for the ADARs were performed as described above. 
